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Introduction
[2] The South to North Water Diversion Project (SNWDP) is a multidecade infrastructure project of China, which is considered as a strategic and ambitious approach to resolve the water shortage in northern China [Liu and Zheng, 2002] . The project is designed to funnel 44.8 km 3 of water per year from Yangtze River to the northern China via its western route, central route, and eastern route, with a total cost of about $62 billion and the expected displacement of 0.345 million people [Stone and Jia, 2006] . The central route is planned to divert 13 km 3 of water per year from the Danjiangkou Reservoir on the Hanjiang River, a tributary of the Yangtze River, to Beijing and Tianjin, the two largest cities in northern China.
The 13 km 3 of diversion water was partially designed according to the annual average streamflow into the Danjiangkou Reservoir from the year 1954 to 1998. The central route has been basically completed and will be ready to divert water since the year 2014 (http://www.nsbd.gov.cn/).
[3] In the last century, water management has been developed and implemented under the stationary assumption that natural systems fluctuate within an unchanging envelope of variability [Milly et al., 2008] . However, a number of studies have reported apparent changes in streamflow associated with climate change and human activities in many regions of the world in recent years [e.g., Marengo et al., 1998; Hanna et al., 2008; Zheng et al., 2009; Wang and Hejazi, 2011] . The hydrologic cycle at the watershed scale is a complex process and affected by climate, land use practices, vegetation types, soil properties, geology, terrain, and spatial patterns of interactions among these factors [Tomer and Schilling, 2009] . While evaporation is likely to increase globally with anthropogenic climate change, precipitation trends are likely to be highly heterogeneous, which could lead to change in streamflow [e.g., Christensen et al., 2004; Zheng et al., 2009 ]. In addition, several studies find climate change alone is insufficient to explain streamflow trends in some watersheds, and human activities such as land use/cover change (LUCC) can also alter hydrological processes and impact the generation of streamflow [e.g., Fu et al., 2004; Zhang and Schilling, 2006; Raymond et al., 2008; Tomer and Schilling, 2009] . For example, Raymond et al. [2008] suggested that land use change and management were more important than climate change for explaining increasing water from the Mississippi River. Wang et al. [2009] also concluded that human impacts such as water conservation and land use change exerted a dominant influence upon runoff decline compared to climate change in the Chaobai River, China.
[4] It is evident that both climate change and human activities are important drivers of changes in watershed streamflow. The climate elasticity method is an effective way to quantitatively separate the impacts of climate change and human activities on streamflow [e.g., Schaake, 1990; Dooge et al., 1999; Sankarasubramanian et al., 2001; Arora, 2002] . The climate elasticity method measures the contribution of climate change on streamflow change, and assumes that the remaining change of streamflow would come from human influence (LUCC) or other unidentified factors such as the uncertainties in measuring hydro-climatic variables and LUCC. Li et al. [2007] used the method in the Wuding River basin of the Loess Plateau of China and estimated that the soil conservation measures accounted for 87% of the reduction in streamflow and climate change accounted for 13% of that from 1972 to 1997. Zheng et al. [2009] applied the method in the headwater catchments of the Yellow River Basin and concluded that the effects of climate change and human activities on the reduction in streamflow were about 30% and 70%, respectively, in the 1990s. Jiang et al. [2011] used the method in the Laohahe Basin of China and revealed that human activities were the main factors of the reduction in streamflow and explained 89-93% of the reduction in streamflow from 1980 to 2008.
[5] Climatic variation was observed in the regions of the central route of the SNWDP during the past 50-100 years. Mean surface air temperature increased significantly, and obvious decadal variations of precipitation, dryness-wetness index and pan evaporation were also detected . In addition, change in land use and land cover has been observed in Hanjiang River Basin [Yu et al., 2010] . Change in streamflow was reported at the Danjiangkou Reservoir [Chen et al., 2007] . However, the existing studies mainly focused on the decadal variation of streamflow and the future scenario of streamflow predicted by GCMs [Yuan et al., 2004; Chen et al., 2007] , while analysis on the temporal trend of streamflow into the Danjiangkou Reservoir and the impacts of change in streamflow on the water diversion project were not conducted. In addition, the decomposition of the impacts of climatic variation and human activities on streamflow into the Reservoir were also not available in the literature. In this study, the temporal change of streamflow into the Danjiangkou Reservoir is analyzed and the impacts of climatic variation and human activities on the streamflow are evaluated by a climate elasticity method. This study is aimed to evaluate the relative contributions of climatic variation and human impact to the change in annual streamflow, and assess the impacts of change in streamflow on the operation of the SNWDP.
Study Area and Data
[6] The Danjiangkou Reservoir (111.5E, 32.7N) is located on the middle reaches of the Hanjiang River, the largest tributary of the Yangtze River. The Hanjiang River Basin is located in the sub-tropical monsoon climate zone and has dramatic fluctuation in climate and water resources during the year. The mean annual temperature is about 15-17 C. The maximum mean monthly temperature is about 22-24 C in July, while the minimum mean monthly temperature is about 1-3 C in January. The annual precipitation varies from 700 to 1100 mm, and 70-80% of the precipitation occurs in the wet months from May to October. The streamflow between July and October accounts for about 65% of the total annual streamflow. (Figure 1 ). The meteorological data included daily precipitation (P), air temperatures (T), wind speed, vapor pressure and sunshine duration. The observed sunshine duration of a day is defined as the sum of hours for which the direct solar irradiance exceeds 120 W/m 2 [World Meteorological Organization, 1996] . Potential evapotranspiration (E 0 ) was calculated by the Penman-Monteith method [Allen et al., 1998 ]. The monthly streamflow (1951$2006) [Mann, 1945; Kendall, 1975] . The method has been commonly used for trend detection due to its robustness for non-normally distributed data, which are frequently encountered in hydro-climatic time series [e.g., Yue and Wang, 2002; Zheng et al., 2009] . Results of the test indicated that there was a generally decreasing trend (P < 0.10 for annual data; and P < 0.05 for 5-year moving average) on the streamflow into the Danjiangkou Reservoir during 1950-2006. Changes in temperature and evaporation are considered to occur in a transient manner, while other climatic variables such as precipitation are likely to change abruptly. In both cases, the magnitudes or relative contributions to the total detected changes in a certain period vary from year to year. Therefore, a "breakpoint" of the change may be statistically determined. The existence of a statistical significant breakpoint indicates that the study period should be segmented into sub-periods for trend analyses and other investigations. This approach was widely used for similar studies on hydrology and climatic change in many regions [e.g., Partal and Kahya, 2006; Smadi and Zghoul, 2006; Wang et al., 2009; Zheng et al., 2009; . The existence and significance of a breakpoint may vary with the study locations and periods. By characterizing the hydrologic conditions in a specific watershed configuration, therefore, this approach is anticipated to provide useful information to support regional management for water resources. In this study, the sequential version of the Mann-Kendall test [Mann, 1945; Kendall, 1948] was conducted to analyze the change point of the hydro-climatic time series [e.g., Douglas et al., 2000; Modarres and Sarhadi, 2009] .
[9] Given a data series composed of x 1 , x 2 … x n , for each element, the Mann-Kendall rank statistic (d k ) is calculated as the summation of m i , which is the number of later terms in the series whose values exceed x i :
The mean and variance of the test statistic d k are:
The sequential values of the statistic u(d k ) are then calculated as:
The terms of the u(d k ) (1 ≤ k ≤ n) constitute a forward sequence curve (C 1 ). The same method is then applied to the inversed series and gets a backward sequence (C 2 ). The intersection point of C 1 and C 2 located between the confidence interval is the time when a change point occurred.
Estimation of the Impacts of Climatic Variation on Streamflow
[10] The climate elasticity method was used to assess the impacts of climate change on streamflow [e.g., Dooge et al., 1999; Arora, 2002; Zheng et al., 2009] . The streamflow record into the Danjiangkou Reservoir from 1951 to 2006 was divided into two periods by the Mann-Kendall method. For a hydrologically isolated region such as a river watershed, the change in streamflow between the two periods (DQ) can be estimated as:
where DQ C and DQ H are changes in streamflow due to climatic variation and human activities, respectively. DQ C can be approximately estimated as the follows [e.g., Dooge et al., 1999; Milly and Dunne, 2002] :
where DQ P and DQ E0 are the contributions of change in P and E 0 to change in Q, respectively. DP and DE 0 are the change in P and E 0 between the two periods, respectively. ɛ P and ɛ E0 are climate elasticity of streamflow to P and E 0 , respectively, and can be estimated as the follows [e.g., Dooge et al., 1999; Arora, 2002] by the six water balance models based on the Budyko hypothesis [Budyko, 1948] :
where f is the aridity index (f = E 0 /P) and calculated at yearly timescale in this study. F(f) is the function of f ( Figure 2 ) and F′(f) is the derivative of F(f) with respect to f. The detailed expressions of F(f) and F′(f) are listed in Table 1 . DQ H is calculated as (DQ H = DQ À DQ C ), and presented in the study as the change of streamflow due to human activities and other unidentified uncertainties.
Results

Changes in Annual Streamflow, Precipitation and Potential Evaporation
[11] Figure 3a 
Impacts of Climatic Variation and Human Activities on Streamflow
[12] Table 3 shows the climate elasticity index of annual streamflow to precipitation (ɛ P ) and E 0 (ɛ E0 ). The ɛ P varied from 2.25 to 2.41, while ɛ E0 varied from À1.41 to À1.25.
[13] It indicated that 10% increase in precipitation would result in 22.5-24.1% increase in streamflow, while 10% increase in E 0 would result in 12.5-14.1% decrease in streamflow. Therefore, the annual streamflow was more sensitive to the change in precipitation than to the change in E 0 . Following the formula of Zhang et al. [2001] , the 64.89 mm decrease in precipitation led to a 7.66 km 3 decrease in streamflow, while the 4.01 mm increase in E 0 resulted in a decrease in annual streamflow of 0.24 km 3 . Change in precipitation and E 0 led to 82.1% and 2.6% of decrease in annual streamflow, respectively. The changes in precipitation and E 0 together led to 84.7% of decrease in streamflow, while human activities or other indentified uncertainties led to 15.3% of decrease in streamflow. Therefore, decrease in Figure 2 . Relationship between F(f) and aridity index (f) by the six forms of F(f) based on the Budyko hypothesis (formulas were listed in Table 1 ). 
The variables m and w were set to 2.6 and 1.2, respectively, to be comparable with other four forms in this study.
precipitation was the main factor of decrease in streamflow, and contributed 81.6-87.3% of the decrease as calculated by the six formulas based on the Budyko hypothesis. The climatic variation (changes in precipitation and E 0 together) contributed 84.1-90.1% of decrease in annual streamflow.
[14] Table 4 shows the land use of the drainage area of the Danjiangkou Reservoir in the year of 1980 and 2000. Largest change rate was observed for cultivated land, which increased by only 0.19% between 1980 and 2000. The forest was dominant and its area almost remained the same. Therefore, the impacts of changes in land use and land cover on streamflow were not significant. In addition, there were no activities of dam construction or water transfer in the area since the 1990s. As a result, the impacts of human activities on streamflow were relatively small compared to the impacts of changes in climatic variables.
Impacts of Decreasing Streamflow on the Central Route of the SNWDP
[15] The introduction of the SNWDP has created widespread controversy [Stone and Jia, 2006] . Opponents of the project are mainly concerned about the influence on the Hanjiang River, where about 31% of the water will be diverted based on the average annual streamflow during . However, data analysis on the streamflow from 1990 to 2006 shows that about 41% of the water will be diverted if the proposed 13 km 3 diversion water is required ( Figure 5 ). In the driest year of 1999, annual streamflow into the Danjiangkou Reservoir was only 17.09 km 3 and diversion water would account for 76.1% of the annual streamflow in a similar future year. Thus, consistently diverting 13 km 3 of water could cause the Hanjiang River to suffer from water shortages, and probably lead to an environmental disaster in certain years [Stone and Jia, 2006] . Therefore, building another canal to divert water from the Yangtze River to the middle Hanjiang would be one of the possible adaptive projects considering the risk of impacts of climatic variation on streamflow. In addition, global change challenges the traditional assumption that past hydrological experience provides a good guide to future conditions, and could alter the reliability. Therefore, the water diversion from the Danjiangkou Reservoir should be conducted in an adaptive manner to avoid an ecological disaster of the downstream Hanjiang River, instead of the current plan of a fixed annual amount of water.
Discussion
Uncertainties
[16] The uncertainties of evaluating the climatic variation effects on streamflow by climate elasticity method existed in this study. First, the empirical formulas based on the Budyko a DQ means the change in streamflow between the two periods; DQ C and DQ H mean changes in streamflow due to climatic variation and human activities, respectively. DQ P and DQ E0 are the contributions of change in precipitation and potential evapotranspiration to change in streamflow, respectively. ɛ P and ɛ E0 are climate elasticity of streamflow to precipitation and potential evapotranspiration, respectively. (Table 1) express the relationship between evapotranspiration and precipitation at the annual timescale. Therefore, equation (6) can only be applied to the annual streamflow responding to climatic variation. It cannot be used to analyze the response to the sub-annual (e.g., monthly or seasonal) time step. However, the rainfall-runoff relationship may vary between different months due to the fluctuation of climate system during the year in the region, which is located in the monsoon climate zone.
[17] Second, the impacts of changes in precipitation and potential evapotranspiration on streamflow were separated with the assumption that they are independent in equation (5). However, precipitation and potential evapotranspiration impacted each other, and they were not totally independent. Potential evapotranspiration is defined as the amount of evaporation and transpiration that would occur if sufficient water source were available, and is the function of temperature, vapor pressure, wind speed and solar radiation [Allen et al., 1998 ]. For example, increase in precipitation could lead to an increase in vapor pressure, thus lead to a decrease in potential evapotranspiration.
[18] At last, climate elasticity method measures climatic variation influence on streamflow and assumes that the remaining change would come from human influence or other unidentified uncertainties. However, climatic variation influence evaluated by the climate elasticity method could be associated with uncertainties. Even the attribution results calculated by different empirical formulas based on the Budyko hypothesis had slight differences. For example, the relative attribution of climatic variation to the decrease in streamflow calculated by the equation of Schreiber [1904] was 84.1%, while it was 90.1% by the equation of Ol'dekop [1911] (Table 3) . Therefore, the derived contribution of human influence to streamflow change could be also associated with uncertainties. In addition, uncertainties could come from the measurements of precipitation and streamflow, especially when assuming that a limited number of gauges are representative of a large region. However, the uncertainties will not substantially change the conclusion that climatic variation is the main reason of the decrease in streamflow.
Change in E 0
[19] E 0 reflects an integrated effect of temperature, solar radiation, vapor pressure and wind speed. The decrease in E 0 or pan-evaporation along with global warming in last century have been reported in many regions of the world [e.g., Peterson et al., 1995; Roderick and Farquhar, 2002; Liu et al., 2004] , which is called "Evaporation Paradox" [Brutsaert and Parlange, 1998 ]. The significant decreases in wind speed ("stilling") and/or solar radiation ("dimming"), which offset the effect of increasing air temperature on E 0 , were widely considered as the main reasons of decrease in E 0 and/or pan-evaporation [e.g., Rayner, 2007; Roderick et al., 2007; Zheng et al., 2009] .
[20] Pan-evaporation decreased significantly since the mid-1960s at the Danjiangkou Reservoir, and the decreasing trend appeared to have ended in the early 1990s . Figure 4c also shows the similar trend in E 0 at the Danjiangkou Reservoir. Our previous study found that E 0 in China decreased from 1960s to the early 1990s, but began to increase since the early 1990s. We The land use data were provided by the Chinese Academy of Sciences.
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showed that the amplitude of increase in air temperature rose seriously, while the amplitude of decrease in wind speed declined and solar radiation even increased (from "dimming" to "brightening") since the early 1990s. We concluded that increasing air temperature dominated the change in E 0 , which offset the effect of wind speed on E 0 and led to the increase in E 0 since the early 1990s. Figure 4b shows that air temperature increased dramatically since the early 1990s at the Danjiangkou Reservoir, and Ren et al. [2011] also found the similar change in air temperature. In addition, Figure 6 shows that the decrease in wind speed stopped, while solar radiation increased at the Danjiangkou Reservoir since the early 1990s. The observed change in air temperature and wind speed may support the conclusion that dramatically increase in air temperature could be the reason for the increase in E 0 since the early 1990s.
Change in Precipitation
[21] Figure 4a shows that precipitation fluctuated dramatically on decadal time scales at the Danjiangkou Reservoir, and precipitation decreased both in dry season and wet season from 1990 to 2006 compared to the period 1951-1989 (Table 2) . Chen et al. [2007] also found the decadal fluctuation of precipitation in the Hanjiang River Basin, and showed that precipitation decreased substantially since the 1990s in the drainage area of the Danjiangkou Reservoir. The observed change in precipitation in China was widely interpreted in the literature. Change in sea surface temperature (SST) anomalies which leads to the El Niño-Southern Oscillation (ENSO) and El Niño Modoki can influence the precipitation in southern China significantly [e.g., Zhang et al., 1999; Wu et al., 2003; Feng and Li, 2011; Zhou, 2011] . In addition, the large-scale circulation over East Asia and East Asian monsoon can also impact the precipitation in China [e.g., Wang and Zhou, 2005; Zhou and Wu, 2010] . Cheng et al. [2005] show a warming of the SST in the South China Sea and the Indian Ocean, and a strengthening of the West Pacific Subtropical High in the early summer led to the drought in southern China (includes the Danjiangkou Reservoir). However, the reason for change in precipitation in China is complicated, and various elements may together lead to the change in precipitation at the Danjiangkou Reservoir, which needs to be further investigated.
[22] It is noticeable that there was a slightly increasing trend for precipitation since the 2000s (Figure 4a 
Human Activities
[23] During the 1990s, China has experienced rapid urbanization, and the land use and land cover have changed dramatically. Large areas of woodlands, grasslands and wetlands were converted to croplands in northern China, while large areas of croplands were converted to urban areas in southern China . The impacts of land use and land cover change were considered to be the main reasons of decrease in streamflow in many regions of China [e.g., Li et al., 2007; Zheng et al., 2009; Jiang et al., 2011] . However, the Hanjiang River Basin is located in mountainous areas and has low population density. The land use and land cover in the drainage area of the Reservoir almost remained the same between 1980 and 2000. Therefore, the impacts of land use and land cover change on streamflow were not obvious. The results of elasticity analysis showed that climatic variation (indicated by precipitation and potential evapotranspiration) was responsible for 84.1-90.1% of the streamflow reduction, while human activities or other unidentified uncertainties contributed 9.9-15.9% of the reduction. The average annual precipitation from 1990 to 2006 decreased 69.89 mm when it was compared to that from 1951 to 1989, which contributed 81.6-87.3% of the streamflow reduction. Decrease in streamflow into the Danjiangkou Reservoir challenges the water diversion plan of the central route of the SNWDP. About 41% of the annual streamflow into the Danjiangkou Reservoir will be diverted if the 13 km 3 diversion water per year is required. The water diversion from the Danjiangkou Reservoir should be conducted in an adaptive manner to avoid an ecological disaster of the downstream Hanjiang River, instead of the current plan of a fixed annual amount of water.
Conclusion
